Plasma distributions near the extraction region in a hydrogen negative ion source are investigated analytically. Where surface produced hydrogen negative ions and volume produced hydrogen negative ions are considered in addition to electrons and hydrogen positive ions. The plasma-sheath equation is derived analytically and the distributions of the electric potential and the plasma density near the extraction region are obtained by solving the plasma-sheath equation. It is shown that the region consisting of the positive ions and the negative ions more than the electrons is formed near the extraction region for a case of large production rate of the negative ions. Dependence of the plasma density on the temperature of the negative ions is also shown.
Introduction
Neutral beam injection (NBI) using a hydrogen negative ion source is one of the most promising method of heating plasma confined magnetically. In the hydrogen negative ion source, it is important to understand the plasma characteristics near the extraction region in order to extract a large amount of hydrogen negative ions. The emission of electrons from a cathode into the sheath in plasma containing positive ions, electrons and negative ions has been analyzed by Amemiya et al. [1] . For the case of the emission of negative ions from the cathode into the sheath, transport of surface produced negative ions from a cathode has been analyzed by McAdams and Bacal [2] . Their results are in good agreement with the 1D3 V PIC code [3] . Formation of a plasma well has been also shown by one-dimensional analytical model of the sheath in the negative ion source [4] . The plasma well and the particle density in the negative ion source have been studied and confirmed also by 2D PIC model simulations [5, 6] . On the other hand, an experiment in the NIFS-R&D ion source has suggested that a "double ion plasma layer" which is a region consisting of mainly hydrogen positive ions (H + ) and negative ions (H − ) exists near a plasma grid (PG) surface [7] . The distribution of the plasma density near the wall is related to the electric potential distribution. Emmert a plasma-sheath equation for plasma consisting of positive ions and electrons [8] . The distribution of the plasma density near the extraction region in a surface produced negative ion source has been studied analytically and it has been shown that as the production rate of the surface produced H − ions increases the double ion plasma layer is formed near the PG surface [9] . However the effect of the volume produced H − ions has not been considered.
In this paper, we will study the distributions of the electric potential and the plasma density near the extraction region in the hydrogen negative ion sources, where surface produced H − ions and volume produced H − ions are considered in addition to electrons and H + ions. The plasma-sheath equation is derived analytically and the distributions of the electric potential and the plasma density are obtained. Effect of the production rate and the temperature of the H − ions on the plasma distribution near the extraction region are shown.
Analysis of Electric Potential

Analytical model and basic equations
The geometry of the extraction region in the model is shown in Fig. 1 . It is assumed that in the hydrogen negative ion source the surface produced H − ions are produced on the PG surface and launched to the interior of the ion source and the volume produced H − ions and the H + ions are produced whole in the ion source. The problem is treated as one-dimensional model in x-direction, which is the direction of beam extraction. In the analysis, the PG is considered to be the walls on both sides in order to maintain a conservation of particles. It is assumed that the electric potential φ(x) is symmetric about x = 0 and decreases toward the walls and is zero at x = 0 as shown in Fig. 2 . The walls at x = ±L are assumed to be perfectly absorbing and electrically floating. The total energy E i of the H + ion, E v of the volume produced H − ion, and E s of the surface produced H − ion in the x-direction are
where M i , M v , and M s are the masses, υ i , υ v , and υ s are the velocities, q and -q are the charges of the H + ion and the H − ion, respectively. The subscripts "i", "v", and "s" denote value belonging to the H + ion, the volume produced H − ion, and the surface produced H − ion, respectively throughout this paper. The kinetic equations for the H + ion and the
where σ = ±1 is the direction of the particle motion,
, and S s (x, E s ) are the source functions. We assume a symmetry about x = 0 for the source functions. Furthermore, we assume that particles are not reflected at the walls, then the boundary con-
Plasma-sheath equation
From Eqs. (1), (2), and (3), the ion velocities are given by
The energy space of the particle is divided to some regions, which is based on the condition that υ i , υ v , and υ s must be real number, that is,
for σ = ± 1 are obtained by integrating Eqs. (4), (5) , and (6) for particle trajectory with the boundary conditions. The ion densities are obtained by taking the sum of the distribution functions about σ = ±1 for each energy region and integrating them for E i , E v , and E s , respectively, as
n
where
where x i , x v , and x s are the generation positions of the ions, x it and x st are the turning points of the H + ions and the 3403096-2 surface produced H − ions, respectively, x vt1 and x vt2 are the turning points of the volume produced H − ions for x v < x min and x v > x min , respectively, and x min is the position of the minimum potential, E min = qφ(x) and E min − = −qφ(x). By interchanging the order of integrations of Eqs. (7), (8) , and (9), the ion densities are obtained as
where E v0 = max{−qφ(x), −qφ(x v )}. As the source function we use the expression same as the Emmert et al. [8] S 
where h s (x s ) = h s (L) due to the surface produced H − ions are produced only on the wall surface, and
where erfc(x) is the complementary error function. For the electron density, we use a Boltzmann distribution
for simplicity, where n 0 is the electron density at x = 0, −e is the electron charge, and T e is the electron temperature. 
The average source strengths S i0 , S v0 and S s0 are determined by the equilibrium of the fluxes of the plasma particles at the wall, that is, j ew + j iw + j vw − j sw = 0 and by defining the production rate of the volume produced H − ion to be β v = S v0 /S i0 and that of the surface produced H − ion to be β s = S s0 /S i0 . Where j ew , j iw , j vw , and j sw are the current densities at the wall, and j ew = −en 0 [kT e /(2πm e )] 1/2 exp[eφ w /(kT e )] from j e = (1/4)n e e υ e , υ e = [8kT e /(πm e )] 1/2 and Eq. (25), j iw = qS i0 L from ∇ · j i = qS (x), j vw = −qS v0 L, j sw = −qS s0 L, and φ w is the wall potential. 
Numerical Solutions
Since Eq. (26) cannot be solved analytically, it is solved numerically. We introduce the normalized variables such as η = (q/kT e )(φ w − φ), s = x/L, s = x /L,
T s , and Z = q/e, where Z = 1 for the hydrogen plasma. The boundary conditions are dη/ds| s=0 = 0 and η(s = 1) = 0. The profile of the normalized electric potential Φ(s) = −η for various values of the production amount of the volume produced H − ion to the H + ion is shown in Fig. 3 , where τ = 2, τ s = 5, τ v = 2.5, β s = 0.4, and λ D /L = 5 × 10 −2 , where λ D is the Debye length. We will use the value of λ D /L = 5×10 −2 in all results of this paper. Although the effect of the volume produced H − ion is not large, as the production rate β v increases, the electric potential difference between the PG and the inside decreases. It seems that this is because the electrons toward the PG surface decrease due to the volume produced H − ions, as a result, the potential drop decreases. The profile of the normalized electric potential for various values of the production amount of the surface produced H − ion to the H + ion is shown in Fig. 4 , where β v = 0.2 and the values of τ, τ s , and τ v are same with Fig. 3 . The electric potential is qualitatively almost the same as that without the volume produced H − ions [9] , that is, as the production rate β s increases a negative peak is appeared near the PG surface, although the electric potential is a little low due to the volume produced H − ions.
The density distributions of the plasma particles are derived from Eqs. (19), (20), (21), (25) and the electric potential. The profile of the plasma density normalized by a sum of the H + ion density and the H − ion density at s = 0, that is, n i (0) + n v (0) + n s (0), for cases of β v = 0, 0.1, 0.2, and 0.3 is shown in Fig. 5 , where other parameters are same with Fig. 3 . It is shown that the plasma density strongly depends on the production rate of the volume produced H − ion. As the value of β v increases, the density of other particles decreases, especially the electron density. As a result, the region consisting of the H + ions and the H − ions more than the electrons appears near the extraction region. The profile of the normalized plasma density for cases of β s = 0, 0.2, 0.4, and 0.6 is shown in Fig. 6 , where other parameters are same with Fig. 4 . The effect of the production rate of the surface produced H − ions on the particle density is qualitatively almost the same with that without the volume produced H − ions [9] , that is, as the value of β s increases the double ion plasma layer is formed near the PG surface, although the electron density is low in whole of the extraction region due to the volume produced H − ions, which is also found from comparison between Fig. 5 (a) and Fig. 6 (c) .
The effects of the temperature of the volume produced H − ion and the surface produced H − ion on the electric potential distribution and the density distribution of other par- ticles are small. In the case of the temperature of the volume produced H − ion is low, that is, τ v is large, the density of the volume produced H − ion near the extraction region becomes large except for near the PG surface as shown in Fig. 7 . It seems that this is because the low energy volume produced H − ions are moved to interior of the ion source by the sheath potential. In the case of the temperature of the surface produced H − ion is low, that is, τ s is large, the density of the surface produced H − ion near the PG surface becomes large as shown in Fig. 8 . It seems that this is because the low energy surface produced H − ions produced on PG surface are difficult to move and stay near the PG surface, as a result the density of the surface produced H − ion becomes large near the PG surface.
Conclusions
The distributions of the electric potential and the plasma density near the extraction region for the plasma considering the surface produced H − ions and the volume produced H − ions in addition to the electrons and the H + ions are studied analytically. The plasma-sheath equation is derived theoretically and solved numerically. As the production amount of the volume produced H − ion increases, the electron density is particularly decreased and the region where the H + ions and H − ions exist more than the electrons appears near the extraction region. The effect of the surface produced H − ions on the distributions of the electric potential and the plasma density is qualitatively almost same as the result for the case that the volume produced H − ions are not considered. Although the effects of the temperature of the volume produced H − ion and the surface produced H − ion on the electric potential distribution and the density distribution of other particles are small, their density distributions depend on their temperature, respectively.
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